Accurate measurement of the standard U-235(n,f) cross section from thermal to 170 keV neutron energy by Amaducci, S. et al.
Accurate measurement of the standard 235U(n,f) cross section from thermal
to 170 keV neutron energy
S. Amaducci15,35, O. Aberle1, J. Andrzejewski2, L. Audouin3, M. Bacak4,1,5, J. Balibrea6, M. Barbagallo7, F. Bečvář8,
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Abstract.
An accurate measurement of the 235U(n,f) cross section from thermal to 170 keV of neutron energy has recently
been performed at n_TOF facility at CERN using 6Li(n,t)4He and 10B(n,α)7Li as references. This measurement
has been carried out in order to investigate a possible overestimation of the 235U fission cross section evaluation
provided by most recent libraries between 10 and 30 keV. A custom experimental apparatus based on in-beam
silicon detectors has been used, and a Monte Carlo simulation in GEANT4 has been employed to characterize
the setup and calculate detectors efficiency. The results evidenced the presence of an overestimation in the
interval between 9 and 18 keV and the new data may be used to decrease the uncertainty of 235U(n,f) cross
section in the keV region.
1 Introduction
Most of the neutron cross sections are measured using a
standard reaction as reference, i.e. a small group of re-
actions know with high accuracy in a well defined energy
interval [1] [2]. The use of this reference implies that the
knowledge of the standard determines the achievable ac-
curacy on the measured cross section. The 235U(n,f) is one
of the most used references, thanks to the wide neutron
energy range, indeed it is defined as standard at thermal
(0.0253 eV) and from 0.15 to 200 MeV.
Recent experimental data [3] highlighted a possible
overestimation of the 235U fission cross section in the ma-
jor libraries in the neutron energy range between 10 and 30
keV. Even if in this interval the 235U(n,f) is not a standard,
it is still often used as reference, in particular for capture
and fission cross section measurements of actinides. This
energy interval is interesting for many technological ap-
plications, in particular for the design of new generation
fission reactors and for nuclear waste burning, which re-
quire accurate neutron cross section data.
In 2016 at n_TOF facility a new measurement of the
235U(n,f) cross section was performed, in order to ob-
tain accurate data and investigate further on this discrep-
ancy. For this measurement two different standard reac-
tions have been used as references, namely 6Li(n,t)4He and
10B(n,α)7Li, while a stack of in-beam silicon detectors has
been used to detect the reaction products. Even though
in-beam silicons detectors have already been employed at
n_TOF (see ref. [4]), this was the first time that in-beam
silicons were used to measure fission reactions at n_TOF.
2 Experimental setup
The measurement has been performed in the first exper-
imental area of n_TOF facility at CERN. At n_TOF the
protons accelerated by the PS (Proton Synchrotron) inter-
act with a lead target and produce though a spallation pro-
cess a pulsed neutron beam characterized by a very high
instantaneous flux, this feature came proves to be very
useful to increase the signal-to-background ratio when the
sample is radioactive like the 235U. The neutron energy is
measured using the time of flight technique with a reso-
lution of 10−3-10−4, thanks to the long flight path (around
185 m).
The 235U(n,f) cross section has been measured using
6Li(n,t) and 10B(n,α) as reference, single pad silicon de-
tectors were used to measure the reaction products, tak-
ing advantage of their good energy resolution to discrim-
inate the products from the background. Six silicon and
six samples have been arranged so that each detector faces
only one sample as it is reported in fig. 1, the apparatus
was placed in-beam and the neutrons were crossing all the
detectors and samples. The silicons were 200 um thick,
ensuring all the particles were stopped inside the detec-
tors, and having an area of 5x5 cm2, relaxes the alignment
constraint since the area is large compared to the n_TOF
beam dimensions. For each reaction two detectors have
been used, one placed after the corresponding sample, in
order to measure the products in the forward direction with
respect to the neutron beam, and one before the target to
cover the backward direction. The presence of two detec-
tors increases the redundancy and compensates to a large
extent the systematic uncertainty due to angular anisotropy
emission of products.
3 Data analysis
A calibration of the flight path has been performed with a
linear fit of the first resonances of the 235U(n,f), followed
by a minimization of χ2 between experimental data and
ENDF-B/VIII evaluation, the value of L = 183.49(2) m has
been later used to transform the time of flight into kinetic
energy. Thanks to the design of the experimental apparatus
all the target samples shared the same neutron flux, apart
from a correction due to absorption in the materials along
the beam. Moreover the samples were thin enough to ap-
ply the thin-target approximation and the 235U(n,f) cross
section can be calculated from the equation:
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Figure 1. Design of the experimental apparatus, the silicons are
named after the coupled sample, with the suffix "_f" for the for-
ward direction and "_b" for the backward one.
σ235U =
C235U fre fρre f εre f
Cre f f235Uρ235Uε235U
σre f (1)
where ref indicates a generic reference reaction. In
eq. 1 CX is the count rate with respect to the neutron en-
ergy, fX is the correction for the absorption in the materi-
als crossed, εX is the efficiency and ρX is the areal density.
The count rate is obtained selecting the reaction products
with a experimental threshold on the deposited energy, in
particular for the reaction 6Li(n,t) we selected the tritons,
for 10B(n,α) the alphas and for 235U(n,f) the fission frag-
ments. The top panel of fig. 2 shows the two dimensional
matrix of signal amplitude versus neutron energy for the
silicon coupled with 235U sample, together with the thresh-
old used to select the fission fragments. The wide separa-
tion between the alpha particles and the fragments is clear.
The bottom panel shows the amplitude spectra of the same
detector for different neutron energy intervals, on the right-
hand side one can identify the two-peak structure resulting
from the asymmetric fission of 235U, the spectra are com-
pressed due to a logarithmic behavior of the preamplifier
for deposited energy larger than 10 MeV.
The full experimental apparatus has been implemented
in a Monte Carlo simulation made with the GEANT4 [6]
code, in order to evaluate the correction factor for the ab-
sorption fX and the efficiencies of 6Li(n,t) and 10B(n,α).
For the absorption a neutron beam with the same shape
of the n_TOF one was simulated, the correction is repre-
sented by the fraction of neutrons entering in each target
sample with respect to the simulated ones. The correc-
tion is mainly determined by the large cross section of 6Li
and 10B at thermal and by the aluminum that composes
the samples bakings and has large capture resonances in
the keV region. The simulation was employed as well
to calculate the efficiency of 6Li(n,t) and 10B(n,α), since
for both these reactions the efficiency depends on neutron
energy, in particular the main dependence is due to the
anisotropy in the emission in the keV region. The reac-
tions have been simulated according to the product angular
distribution provided by ENDF-B/VIII [7], of course the
experimental threshold has been calibrated and included
in the simulation. The efficiency of the fission reaction
Figure 2. Top panel: two dimensional plot of signals amplitude
versus neutron energy for a silicon coupled to a 235U sample, the
blue threshold separates fission fragments (upper region) from al-
pha particles (lower region). Bottom panel: amplitude spectra of
the same detector for different neutron energy intervals, the sep-
aration of FF (right side) from the alpha background (left side) is
very well defined.
can be considered constant at this energy, thanks to the
large Q-value (around 200 MeV) and the isotropic angular
emission of fragments. Further details about the GEANT4
simulations are presented in ref. [8]. Once the corrections
for absorption and efficiency have been applied for each
reaction, the data of forward and backward detectors have
been combined with a weighted average.
After all the quantities that depend on the neutron en-
ergy have been calculated the shape of the fission cross
section is obtained from eq. 1, apart from a constant term
that includes the areal densities and the fission detection
efficiency. This term has been calculated by normalizing
the data to the integral of the 235U(n,f) cross section be-
tween 7.8 and 11 eV as recommended by ref. [1], since in
this interval between two cross section minima the uncer-
tainty arising from the time-to-energy calibration is neg-
ligible. Moreover at this energy the absorption in small
and the contribution to the uncertainty coming from the
correction is small.
Table 1 lists the ratio between the thermal point, where
the 235U(n,f) is a standard, and the integral between 7.8
and 11 eV for the IAEA and the measured cross section
with the two standard references. The agreement is within
1 standard deviation, making the choice of the normaliza-
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Ratio σth / integral[7.8,11]eV (eV−1)
IAEA2018 2.373 ± 0.029
6Li as ref. 2.353 ± 0.013(stat) ± 0.007(syst)
10B as ref. 2.343 ± 0.019(stat) ± 0.007(syst)
10B+6Li 2.352 ± 0.013(stat) ± 0.007(syst)
Table 1. Ratio between thermal and the [7.8,11]eV integral for
IAEA and the experimental cross section measured with two
standard reference reactions.
tion in the 7.8 to 11 eV interval consistent with thermal
standard point. Finally a final n_TOF 235U(n,f) cross sec-
tion is calculated combining the two references 6Li(n,t)
and 10B(n,α) through a weighted average.
4 Results
The measured 235U(n,f) cross section calculated with the
two standard reactions 6Li(n,t) and 10B(n,α) has been com-
pared with ENDF-B/VIII [7], JEFF3.3 [9], JENDL4.0 [10]
and IAEA [1] in the integrals reported in fig. 3. The
top panel reports the ratio between the n_TOF fission
cross section integral and the libraries, while the bottom
panel presents the deviation in standard deviation units.
In the first integral considered the measured cross section
is 4-5% lower than all the libraries with the exception of
JENDL4.0, for the first three libraries this deviation is sta-
tistically significant, however this deviation is absent in the
integral from 18 to 30 keV, where the ratio is compatible
with 1. The resulting effect on the 9 to 30 keV integral is a
smaller deviation, indeed it is approximately 2%, even in
terms of standard deviation the discrepancy is not signifi-
cant, since the difference is lower than 3σ with respect to
all the considered libraries. On the opposite the new data
are in good agreement with JENDL4.0 for all the consid-
ered integrals, with deviations around or smaller than 1σ.
The reliability of the present result is guaranteed by the
good agreement in the energy regions where the 235U(n,f)
is a standard, in particular the differences between 150 and
170 keV are lower than 1% and the agreement at thermal
is evidenced in tab. 1.
It is important to note that the IAEA values in this en-
ergy range are reported in form of point-wise cross section
and the IAEA cross section of fig. 3 is calculated by apply-
ing a linear interpolation as recommended by ref. [1]. For
ENDF-B/VIII, JEFF3.3 and JENDL4.0 there is no appre-
ciable effect arising from interpolation, thanks to the nar-
row energy interval between two consecutive points. In or-
der to make a direct comparison, removing the effects due
to the interpolation procedure, the experimental data have
been adapted to the IAEA energy grid. Later the 235U(n,f)
cross section measured with 6Li(n,t) and 10B(n,α) has sep-
arately been compared with IAEA values. The resulting
ratios between the experimental data and IAEA values are
reported in fig. 4 for the two separate data-sets, one can
note that the deviation in the 9 to 18 keV integral previ-
ously discussed arises from the large difference (about 7%)
for the point at 9.5 keV. However with the exception of the
Figure 3. Comparison between n_TOF measured cross section
and the values of more recent libraries integrated on intervals of
interest.
point at 9.5 keV the experimental data are in agreement
with the IAEA values.
Figure 4. Ratio between measured cross section and the IAEA
in correspondence of GMA nodes.
5 Conclusion
The 235U(n,f) is one of the most used standard cross sec-
tion and the evidences of an overestimation between 10
and 30 keV in major libraries required further investiga-
tions. An accurate measurement of the 235U fission cross
section has been performed at n_TOF from thermal to 170
keV neutron energy, using the standard reactions 6Li(n,t)
and 10B(n,α) as references and employing a custom exper-
imental apparatus based on in-beam silicon detectors. The
experimental setup and the data analysis are described in
more detail in the complete article in ref. [8], the final data
sets are available on EXFOR (23453.).
The results highlighted an overall discrepancy between
experimental data and three of the four considered libraries
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5 Conclusion
The 235U(n,f) is one of the most used standard cross sec-
tion and the evidences of an overestimation between 10
and 30 keV in major libraries required further investiga-
tions. An accurate measurement of the 235U fission cross
section has been performed at n_TOF from thermal to 170
keV neutron energy, using the standard reactions 6Li(n,t)
and 10B(n,α) as references and employing a custom exper-
imental apparatus based on in-beam silicon detectors. The
experimental setup and the data analysis are described in
more detail in the complete article in ref. [8], the final data
sets are available on EXFOR (23453.).
The results highlighted an overall discrepancy between
experimental data and three of the four considered libraries
around 2% in the energy interval 9 to 30 keV, this differ-
ence resulted to be smaller than what has been observed
in ref. [3]. In the energy region between 9 and 18 keV
we found an overestimation around 4-5% in comparison
to the evaluated cross section by ENDF-B/VIII, JEFF3.3
and IAEA. On the contrary no significant deviations have
been observed between 18 and 30 keV for the mentioned
libraries.
Since the IAEA cross section is calculated through an
interpolation of point-wise values, the n_TOF experimen-
tal data have been adapted to the IAEA grid and a direct
comparison point-by-point has been done. The cross sec-
tions measured with the two references, namely 6Li(n,t)
and 10B(n,α), have been separately compared with the
IAEA points. The experimental values are in a good agree-
ment with the exception of the point at 9.5 keV, where a
difference of the 7% has been observed. Indeed the dis-
crepancy observed in the energy interval from 9 to 18 keV
is due to this large difference in a single point together with
the use of a linear interpolation.
The reliability of these experimental data is assured
by the good agreement in the energy interval where the
235U(n,f) cross section is a standard, namely at thermal
energy and from 150 to 170 keV. The new data available
may be used to reduce uncertainty on the 235U(n,f) cross
section, in particular concerning the keV region. Further-
more this may lead in future to move the lower limit of the
interval where the 235U(n,f) is a standard, at present 150
keV, to lower energies.
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